Enzyme I (EI) is the phosphoenolpyruvate (PEP)-
Introduction
Group translocation is the membrane transport mechanism by which a substrate is chemically modified to an impermeable derivative as it crosses the cell membrane. This energy efficient transport strategy is used by bacteria for the uptake of rapidly metabolizable sugars and it is achieved through a highly conserved three component phospho-relay system called the Phosphoenolpyruvate: sugar phosphotransferase System (PTS) (1-3). The PTS catalyses the transfer of a phosphoryl group from phosphoenolpyruvate (PEP) to a sugar while it is being transported across the membrane. It consists of two universal components, Enzyme I (Mr: 63 kDa) (4, 5) , EI hereafter, and the heat stable Histidine phosphocarrier Protein (HPr) (Mr: 9 kDa), and in addition several membrane-associated components, which are sugar-specific and are collectively designated as Enzyme II (EII) complexes (3) . The PTS cascade starts with the autophosphorylation of EI on a conserved histidine (His-190 in the Staphylococcus carnosus EI studied in this paper) in a reaction that uses PEP as phosphoryl donor (4) . Subsequently, the phosphoryl group is transferred to His-15 of the HPr protein, and ultimately to the imported hexose, in a series of transphosphorylation reactions mediated by the components of the sugar specific EII complex. The PTS is not only responsible for sugar uptake, it also represents a major sensing and signaling system in the bacterial cell. The phosphorylation state of the components of the PTS pathway is directly coupled to the regulation of carbohydrate metabolism, chemotaxis towards carbon sources (6) , carbon catabolite repression (7, 8) and nitrogen metabolism (9) . Since EI catalyzes the first step in the pathway and because its activity levels will determine the phosphorylation state of the downstream PTS components it may play a key regulatory role in the control of PTS and its downstream metabolic effects (10) (11) (12) .
EI is highly conserved throughout bacteria, displaying a high degree of sequence similarity among different species (13) . It consists of an Nterminal protease resistant portion (EIN, residues 1-264) and a protease-sensitive C-terminal domain (EIC, residues 265-573) (4) . The N-terminal region is responsible for HPr binding, while the Cterminal region binds PEP (14). The EIN domain consists of two subdomains: an α-helical domain and an α/β domain, called the phospho-histidine (P-His) domain, that contains the intermediate phosphoacceptor (in S. carnosus) (15, 16) . The EIN and the HPr protein form a stable complex that has been studied by NMR, showing that interactions between HPr and EI occur through the helical domain (from now on termed the HPr binding domain), which is responsible for substrate specificity. This interaction places the phosphoacceptor His-15 of HPr and the His-190 of EI at optimal separation for efficient phosphotransfer (17) .
The C-terminal domain of EI displays sequence similarity with the PEP binding domain of the Pyruvate Phosphate Dikinase (PPDK) enzyme (18, 19) . This enzyme catalyses the reversible conversion of ATP, pyruvate and inorganic phosphate (Pi) into PEP, AMP and pyrophosphate through a phosphoryl-enzyme intermediate, and it has a phosphohistidine acceptor domain structurally equivalent to that of EI. Erni and coworkers have recently obtained the crystal structure of the C-terminal domain of Thermoanaerobacter tengcongensis EI showing that the overall fold is very similar and the configuration of the active site is almost identical to that of the PEP binding domain from PPDK (14). Both PPDK and PEP-binding region of T. tencongesis crystallized as dimers and in both cases the dimerisation interface involves equivalent regions of the PEP-binding domains. On the other hand, biochemical studies have shown that EI exists in a monomer-dimer equilibrium (20, 21) where only the dimeric form is competent for autophosphorylation (22) . Those studies showed that dimer formation is stimulated by PEP and magnesium ions but that the interconversion between monomer and dimer is very slow, which suggested that oligomerization may be the rate limiting step for the activation of EI and as a consequence may determine the activity of the PTS pathway and its downstream effects (21, 22) . More recently Roseman and coworkers (11, 12) using ultracentrifugation experiments demonstrated that the presence of PEP and magnesium induce comformational changes in both the monomeric and dimeric forms of EI. Nevertheless, it remains unclear how dimerization activates the autocatalytic potential of EI and more generally how the different catalytic centres distributed in different domains of the protein interact during the reaction cycle
We present here the first crystal structure of the full-length EI from S. carnosus at a resolution of 2.5 Å, which for the first time reveals the spatial arrangement of the three protein domains. Aspects of dimer formation and stabilization as well as implications for catalysis will be discussed.
Experimental procedures
Protein expression and purification. EI from S. carnosus was overexpressed in Escherichia coli (strain DH5α) harbouring the plasmid pUCptsO2.6X (23) . Cells were grown in the presence of isopropyl-β-thiogalactoside (IPTG) in TBY broth (10 g Trypton, 5 g NaCl, 5 g yeast extract/litre). Cells (13 g wet weight from 6 litres of culture) were suspended in 25 ml standard buffer (50 mM Tris-HCl pH7.5, 0.1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM phenylmethanesulfonylfluoride), disrupted by sonication, and centrifuged at 25,000xg. The supernatant was applied to a Q-sepharose column (120 ml) using a gradient of 600 ml (0-0.6 M NaCl in standard buffer) EI was detected by SDS-PAGE (10% acrylamide) at 0.5 M NaCl. The enzyme pool was adjusted to 20% ammonium sulfate, applied to a butyl-TSK column (Tosohaas, Montgomeryville, PA; 420 ml) and eluted with a linear gradient of 2 L of 20-0% ammonium sulfate in standard buffer. EI eluted at 5% ammonium sulfate and was pure according to native (pH 9) and denaturing (SDS) PAGE. Standard yields were 40-50 mg protein. Prior to crystallization experiments the protein was passed through a Sephadex G25 column equilibrated with 50 mM HEPES pH6.5 and concentrated in Centricon tubes (Millipore) to a concentration of 20 mg/ml. The storage solution was supplemented with PEP and MgCl 2 , both to a final concentration of 5 mM.
Crystallization. Crystals from full-length EI were obtained by the vapour diffusion method. Initially hanging drops made with 1 μl of protein, 1 μl of crystallization buffer (30% PEG 4000, 0.2 M Li 2 SO 4 and 0.1 M Tris-HCl pH8.5) and 0.2 μl of additive solution (solution N o 11 of Hampton Crystal Screen, Hampton Research: 0.1 M trisodium citrate dihydrate pH 5.6, 1 M Ammonium dihydrogen phosphate) were equilibrated against 500 μl of crystallization buffer in standard Linbro crystallization plates. Hexagonal crystals appeared after 1-2 days and diffracted typically to 7.0 Å in a synchrotron beam. After 5-7 days new monoclinic crystals appeared in the drops while the hexagonal crystals tended to disappear. These crystals diffracted typically to 2.5 Å with a synchrotron Xray source. Initially the presence of solution N o 11 of the Hampton Crystal Screen in the crystallisation cocktail was the result of an accidental contamination, however this proved to be essential for the reproducibility of the crystals.
A second crystallization condition was obtained using sitting drops and 30% PEG 4000, 0.2 sodium malonate and 0.1 M Tris-HCl pH 8.5 as crystallization buffer. This second condition did not require additives and produced only monoclinic crystals with similar symmetry properties and diffraction power. For data collection the crystals were soaked in crystallization buffer containing 7.5 % PEG 400 as cryoprotectant and flashcooled by immersion in liquid nitrogen.
Data Collection, Structure Determination and Refinement.
All diffraction data were collected under a cryogenic stream at 100 K. Preliminary characterization was performed at beamlines ID14-1 and ID29 of the European Synchrotron Radiation Facility (ESRF) and beamline BW7a of the Deutsches Elektronen-Synchroton (DESY). EI crystals obtained in the presence of sodium malonate were soaked for 3 hours in crystallisation buffer supplemented with 0.1 M of the Gadolinium complex Gd-DTPA-BMA (24) and used in a Multiple wavelength Anomalous Dispersion (MAD) Experiment conducted at beamline BM14CRG of the ESRF (Table I) . Data processing and scaling were done with the program suite XDS (25) .
The coordinates of the heavy atoms and the initial set of phases were obtained with the program SOLVE (26) . These phases and the atomic model of the α-helical subdomain of the Nterminal region of EI (aa 20-142, PDB code 1ZYM) were used for phased molecular replacement using the program CNS (27) , which produced a solution for the α-helical N-terminal domain that agreed with the density map. Phase combination and density modification with the CNS program resulted in an improved electron density map, which allowed model extension. The structure of the PPDK (1DIK) (18) was superimposed on a partial model of the C-terminal portion and subsequently adjusted in the experimental electron density map. The structural model was completed based on the revised sequence of the S. carnosus enzyme (Rosenstein & Götz, personal communication), in alternate rounds of model-building and refinement using CNS (27) and O (28) . In the later stages of modelbuilding, structure completion was continued with data collected from another crystal grown under the original conditions for the monoclinic form. This crystal was soaked in (NH4) 2 Os 4 Br 6 , which improved diffraction data but did not lead to a heavy atom derivative and was thus considered as a native crystal (Table I) . A large electron density peak in the PEP-binding region of the C-terminal domain showing interactions with the side chains of two arginine and one asparagine residue compatible with a tetrahedral coordination sphere indicated the presence of a phosphate or sulphate ion. Given that LiSO 4 (0.2 M) is a component of the crystallisation cocktail this peak was modeled as a sulphate ion. A summary of the crystallographic analysis is given in Table I . Structural visualizations were done with the programs MOLSCRIPT along with Raster3D 
Results
Structural Organization of EI EI from S. carnosus (23) was overexpressed and purified as described in Experimental Procedures. Initial hexagonal crystals appearing in Hampton Standard screens diffracted poorly whereas monoclinic crystals, appearing 3 to 5 days later, diffracted up to 2.5 Å. For phase determination a novel gadolinium compound (24) was particularly useful as it allowed straightforward recording of a full data set using Multiple wavelength Anomalous Dispersion (MAD) that was used for structure determination as described in Experimental Procedures. The resulting electron density map showed one molecule per asymmetric unit and was easy to interpret in the regions corresponding to the HPr-binding and the PEP-binding domains. However, the region containing the P-His domain (residues 4-22 and 156-229) showed weak electron density even at the later stages of refinement. In spite of this, seventy out of the 102 Cα atoms in this region were assigned, which is enough to identify the fold and determine its orientation relative to the other two domains, however many of the side chains of this domain, including His-190, were not visible and were modelled as alanines. A stereo view of an electron density map calculated with the final model but omitting the PHis domain (to exclude any possibility of phase bias in this region) is presented in Fig. 1A . The electron density corresponding to the backbone of the P-His domain is clearly visible. The final model (R work /R free : 22/27 %, see Table I ) consists of 551 residues, one sulphate ion and 173 water molecules. 22 residues out of 573 in the full-length protein were not visible in the electron density: three and two at the N-and C-termini respectively, and 17 in the P-His domain. The full-length EI monomer is composed of three structurally independent domains separated by long linkers (Fig. 1B) . It shows an extended conformation, about ~110 Å in length with a maximum width of ~60 Å. The N-terminal region (EIN) and the PEP-binding C-terminal domain (EIC) are separated by a long (40 Å) and easily accessible linker helix (α-linker, residues 233-260, in grey in Fig. 1B and 1C) , which explains the proteolytic sensitivity of EI (32,33). The HPr binding and the P-His domain (depicted in red and blue, respectively, in Fig. 1 ) are also separated by two extended linker regions (depicted in grey) with only few interactions between them.
The P-His domain (residues 4-22 and 156-229), contains the His-190, the initial acceptor of the phosphoryl group from PEP (15) . This region of the structure showed weak electron density and high temperature factors (see above), suggesting that it is flexible in our crystals, presumably due to a lack of interactions with the other domains that could stabilize its position. This conformational flexibility may have functional implications, as discussed below. The HPr binding domain (red in Fig. 1 ) is inserted in the β1-β2 loop region of the P-His domain. It spans amino acids 37 to 144 and is composed of two helical hairpins forming a Vshaped structure with an angle of approximately 60 degrees. The HPr binding region, as shown by Garrett and co-workers (17) , is located at the open end of the 'V'. A surface representation of the HPr protein has been included in Fig. 1C to indicate the approximate region of binding. A superposition of the P-His and HPr binding domains with that determined from the N-terminal region of E.coli EI (15) indicates that the two domains in the respective proteins have a very similar structure, as would be expected from the degree of sequence conservation. This superposition allowed us to determine the approximate position of the side chain of His-190 involved in the phosphotransfer reaction, which is not visible in our model. The HPr binding and the P-His domains are connected by two long linkers that adopt an extended conformation (Fig. 1) . In the structure of the E. coli EIN-HPr complex these linker regions are rather straight, which results in an optimal positioning of the phospho-acceptor histidine of the HPr protein with respect to the donor histidine of EI (17) . In the present structure however, the major axis of the same linker regions are inclined by approximately 35° with respect to the E. coli enzyme, which results in an outward rotation of the HPr binding domain relative to the P-His domain. Assuming that in S. carnosus EI HPr would bind in a similar way, as would be expected from the degree of sequence conservation, the two histidines would be separated by a distance of about 20 Å. This indicates that a significant rearrangement must occur before phosphotransfer from the P-His domain to HPr can take place.
The C-terminal Domain. The C-terminal PEP-binding domain of EI consists of an eight-stranded β-barrel surrounded by ten helical segments in a topology indicative of a TIMbarrel fold. Its structure is very similar to that of the PEP-binding domain from T. tencongensis EI (14) (300 Cα atoms superimposed with an RMSD of 1.1 Å), as would be expected given the high sequence identity (59%) in this region. As previously reported (14), this domain also shows significant structural similarity with the PEPbinding domain of the PPDK enzyme (18, 19, 34) (300 Cα atoms superimposed with an RMDS of 2.9 Å), though in this case the sequence identity is only 28%. The major structural differences between PPDK and EIC have been described (14). A large positive electron density peak was found in the PEP-binding region of the C-terminal domain. It is stabilised through interactions with Arg297, Arg333, Asn455 and Arg466. Given it's size and co-ordination pattern we interpret this electron density peak as a sulphate anion (one of the components of the crystallization buffer). A detailed view of the PEP binding site is presented in Fig. 2 .
In the crystal, two monomers from adjacent asymmetric units show an extensive contact interface between the C-terminal domains (Fig.  3A) , burying 3,790 Å 2 of solvent accessible surface area. Residues involved in interface stabilization derive primarily from regions 434-439, 352-358 and 459-464. The same interaction surface is found in the dimeric PEP-binding domain from T. tencongensis EI and in the PPDK (14) (Fig. 3B) . This finding strongly suggests that in the present structure two symmetry related molecules represent the biochemically relevant dimer (see below).
Discussion
The PEP Binding Site PPDK has a phosphohistidine acceptor domain structurally equivalent to that of EI. In PPDK the phosphoryl group of PEP, as inferred from substrate analogue binding studies (19) , is exposed to the solvent and its strong negative charge is stabilised through interactions with conserved residues (Arg617, Arg561 and Asn768). A magnesium ion binds in a deep region of the pocket and contributes to PEP binding by forming a network of interactions that involves the carboxyl groups of two acidic residues (Glu745 and Asp769) and two oxygen atoms of the substrate. The side chain of a presumed catalytic cysteine (Cys831) is located deeply in the pocket and directly under the substrate. Erni and coworkers found a similar constellation in the dimeric PEP-binding domain of T. tencongensis EI (14) although in this case the catalytic site was empty. In the present structure we find a very similar configuration of the active site as compared to either PPDK (Fig. 2) or T. tencongensis EIC. In our case however, the active site presents a strong positive density peak that we interpret as a sulphate anion (Fig. 2) . Sulphate, which is a common component of crystallization cocktails, has chemical coordination properties very similar to those of a phosphoryl group and it often replaces it in protein crystals (35) . Indeed, early structures of PPDK presented a sulphate ion at a position that was later found to be occupied by the phosphoryl group of the PEP analog (18) . In S. carnosus EIC the sulphate ion is stabilised through interactions with Arg297, Arg333 and Asn455, equivalent to Arg561, Arg617 and Asn768 of PPDK respectively, which stabilise the phosphoryl group of PEP. In addition, the conserved Arg466 also contacts the sulphate. This residue may be functionally important in EI, in contrast to the situation seen in PPDK, where it adopts a conformation turned away from the PEP analogue. The side chains of Asp456 and Glu432 are oriented similar to the Mg 2+ coordinating residues Asp769 and Glu745 of PPDK although in our crystals we did not observe Mg 2+ . Finally Cys503, which has been demonstrated to be required for acid/base catalysis in EI, occupies a position equivalent to that of Cys831 in PPDK (36, 37) . Taken together this suggests that the active site observed in our crystal structure reflects a catalytically competent configuration, as would be expected for the dimeric state of the enzyme (see below).
The EI dimer: Implications for Catalysis
Autophosphorylation at His-190 is a prerequisite for the HPr directed phosphotransferase activity of EI and requires the C-terminal domain, which contains the PEP binding site. This autophosphorylation in turn requires EI dimerization (5, (38) (39) (40) (41) , which is also mediated by the C-terminal domain (42, 43) . In our crystals two EI monomers in adjacent asymmetric units show an extensive interface between the Cterminal domains (Fig. 3A) . The amino acids contributing to this interface (Fig. 5 , which is published as supplemental data) are highly conserved in the EI family despite being in loop regions. Similarly, the crystal structures of T. tencongensis EIC and PPDK show dimers in the asymmetric unit, and these dimers are formed through interactions involving the same region of the C-terminal PEP-binding domain (14,19) (see Fig. 3B ). This suggests that our crystal structure indeed represents an EI dimer, with dimers formed by two symmetry related molecules in the crystal lattice.
The spatial arrangement of the domains in the EI dimer suggests that autophosphorylation occurs on one subunit rather than in trans between different subunits, consistent with biochemical data (37, 41) . It also suggests that large conformational changes are required for phosphotransfer to occur between the PEP and the HPr-binding sites, with the P-His domain playing a critical part in mediating the communication between the two reaction centers.
For PPDK, it has been suggested that a swiveling mechanism is required for the transfer of the phosphoryl group from PEP to its final acceptor (AMP in this case). In this scenario a rotational movement of the P-His domain would present the phosphorylation target or donor-residue to two different active centers located in different portions of the molecule, (18) . Based on the biochemical and structural similarities of the two proteins the authors have proposed a similar mechanism for PEP synthase and also EI (18) . A recent structure analysis of PPDK from Zea mays has identified a previously unobserved conformation that appears to be primed for the autophosphorylation reaction, which seems to confirm the proposed swiveling mechanism. In this structure the P-His-domain is closer to the PEPbinding domain and only minor rearrangements would be required for the transfer of the phosphoryl group from PEP to the intermediate acceptor histidine (His-458 in Z. mays) (44) . In Fig. 4A we have superimposed the C-terminal domains of Z. mays PPDK and EI and then superimposed the P-His domains, treating the EI derived P-His as an independent rigid body. The result is a plausible model for the conformational transition required for His-190 phosphorylation (Fig. 4A) . To attain this conformation from the one observed in our crystal structure, only minor changes in the loop region between the long linker helix and the C-terminal domain would be required. In this scenario, the linker helix would then function like a lever arm to mediate the conformational transition, although (partial) melting of the helix cannot be excluded. In the proposed movement, the HPr binding domain would clash with the upper ridge of the β-barrel, which indicates that the HPr and the P-His domain must detach from each other during this part of the reaction; this could be mediated by changes in the linker peptides connecting the P-His-to the HPrbinding domain (Figs. 1, 4A) . Noteworthy, in a recent contribution Roseman and coworkers (11, 12 ) have analyzed the changes in the association constant and hydrodynamic properties of E. coli EI during PEP and magnesium binding. Their results show a shortening of the molecular diameters and a increase of the sedimentation coefficients upon PEP and magnesium binging for both the monomeric and dimeric forms of EI. In agreement with these results the conformational transition modelled in Fig. 4 results in shorter and more compact structures.
Based on the knowledge now available a tentative model for the conformational changes during the EI catalytic cycle is presented in figure  4B . As discussed by Herzberg and coworkers (18) , the driving force for the proposed swiveling motions may emerge from changes in chargecharge interactions between domains. On the other hand, the apparent lack of inter domain interactions in the present structure would be compatible with a dynamic transition between alternate conformations of similar energy, where the P-His domain would be constantly swiveling and with conformations becoming progessively restricted upon PEP and magnesium binding, as the sedimentation data seem to indicate (11) . The weak electron density of the P-His region in the present structure could again indicate the potential conformational flexibility of this domain.
An open question remains regarding the regulation of the EI activity. How could the dimeric conformation stimulate enzyme activity? As mentioned above, the large distance between the P-His-domain and the PEP-binding in the EI dimer seems to preclude trans-phosphorylation of the neighbouring monomer as the autophosphorylation mechanism. Transphosphorylation is an activation mechanism frequently observed in mammalian tyrosine protein kinases (45, 46) . In an alternative scenario, dimerization may help assemble a catalytically active configuration at the PEP-binding site of the C-terminal domain. Such a configuration appears to correspond to both the S. carnosus EI and the T. tencongensis EIC crystal structures. While a structure of the EI PEP-binding domain in its monomeric conformation would be required to test the latter possibility, a number of observations suggest that the assembly of the catalytic site on the C-terminal domain might actually be a possible mechanism of activation. In Salmonella typhimurium EI, the mutation Gly346→Ser (Gly357 in EI from S. carnosus) has been reported to inhibit dimerization (43) . Glycine 357 is located in the loop between β3C and α3aC precisely at the interface between two C-terminal domains. It is involved in a main-chain/main-chain contact with Asp465 of the opposite subunit and introduction of a side chain at this position would certainly not be compatible with the interface observed in the structure. Interestingly, the two mutations reduce the V max to 4 and 2% of the wild type enzyme, respectively. At the same time, the affinity for PEP is decreased by 30-fold in both cases. The exact nature of the link between dimerization and activation will certainly require further investigation. Our structure provides a framework to rationalize and address these issues. 
